Background-Atherosclerosis develops from childhood, but the determinants of this preclinical stage remain uncertain.
A therosclerosis begins in childhood, long before its clinical consequences emerge. Although the roles of "classic" risk factors (high blood cholesterol, high blood pressure, and cigarette smoking) in determining risk of coronary atherosclerosis were originally shown in middle age, 1 earlier exposure to these factors (from the first decade of life onward) has been shown to cause endothelial dysfunction and autopsy-documented atherosclerosis. 2, 3 In childhood, levels of classic risk factors associated with markedly increased risks of atherosclerotic disease in adult life are uncommon. However, levels of adiposity and obesity (marked degrees of adiposity) have been increasing rapidly in childhood. In many Western populations, obesity is reaching epidemic proportions, 4 with the most dramatic proportional increases seen in children and young adults. 5 Obesity in adults is associated with clustering of abnormalities generally termed the "metabolic syndrome" 6, 7 and is a well-established risk factor for coronary heart disease. 8 It is increasingly recognized that adiposity in childhood is associated with a similar adverse metabolic profile. 9, 10 It is therefore important to establish the relative importance of adiposity, its associated metabolic disturbances, and classic risk factors in the development of arterial disease in contemporary children and adolescents. However, this issue has so far been little studied.
Noninvasive ultrasound methods now enable early abnormalities of arterial structure and function to be examined. Arterial distensibility, which reflects the structural arrangement of the artery (particularly its elastic components), provides a marker of coronary heart disease risk in humans, 11, 12 and animal studies suggest that reduced arterial elasticity is an early sign of atherosclerotic change. 13 Severe obesity in teenagers has been shown to produce endothelial dysfunction and reduced arterial distensibility. 14, 15 We have previously shown that higher levels of total and LDL cholesterol may diminish arterial distensibility in prepubertal children 16 and that higher levels of leptin may do the same during puberty. 17 We have now examined the relations of adiposity and its associated metabolic disturbances to vascular function and compared these with the associations of classic and novel cardiovascular risk factors (including C-reactive protein [CRP] and homocysteine) in a large cohort of wellcharacterized 13-to 15-year-olds. Comparison of these associations in teenagers with those at 9 to 11 years of age in a subgroup of study participants measured 4 years previously has allowed us to examine the emergence of the adverse vascular correlates of adiposity during the critical period of development around puberty.
Methods
We studied children in 4 towns in the United Kingdom, 2 with high adult cardiovascular mortality rates (Rochdale and Rhondda) and 2 with low adult cardiovascular mortality rates (Bath and Tunbridge Wells). We invited 681 children who had recently taken part in a detailed cardiovascular risk factor measurement survey (February to July 1999) for vascular function measurements, which were performed between October 1999 and April 2000.
Cardiovascular Risk Factor Measurements
Children were examined while they were dressed in light clothing without shoes. Weight was measured with a precalibrated digital weighing scale (Soehnle Ltd) and height with a portable stadiometer (CMS Ltd). Triceps, biceps, and subscapular and suprailiac skinfolds were each measured once by standardized techniques; the sum of the 4 skinfold measurements 18 was used in analysis. Bioimpedance was measured from the left arm and left leg with the Bodystat 500 (Bodystat, Ltd). 19 Percentage body fat was determined from resistance with the equations of Deurenberg et al, 20 validated in children of a similar age. Waist circumference was measured at the end of normal expiration at the midpoint between the iliac crest and the lower edge of the ribs in the midaxillary line and hip circumference at the point of maximum circumference over the buttocks. Pubertal status was recorded by participants in private using a self-assessment questionnaire based on the 5 Tanner stages of pubic hair growth (both sexes), breast development (girls), and penis development (boys). 21 Blood pressure was measured twice in the right arm with a Dinamap 1846SX oscillometric blood pressure recorder (Critikon Inc) 22 with an appropriate cuff size. The older half of participating children provided a blood sample, which was collected in the morning after an overnight fast, frozen within 6 hours of collection (Ϫ20°C), and transferred to a central laboratory for analysis. Total serum cholesterol and HDL cholesterol were measured with a Hitachi 747 automated analyser (Roche Diagnostics); LDL cholesterol concentration was determined with the Friedewald equation. Plasma homocysteine was determined with a modified automated assay, based on precolumn derivatization with monobromobimane, followed by reverse phase HPLC with fluorescence detection. 23 Plasma glucose was measured in a fluoride-oxalate sample with a Falcor 600 automated analyser and serum insulin with an ELISA assay that does not cross-react with proinsulin. 24 CRP was measured with a high-sensitivity, double-antibody sandwich ELISA with rabbit anti-human CRP and peroxide conjugated rabbit anti-human CRP. 25 Cotinine was measured in saliva by an HPLC method. 26 Social class was assessed from parents' occupation, coded in accordance with the Registrar General's (ONS) 1990 coding manual. Ethnicity was based on appearance, cross-checked with parental place of birth.
Vascular Measurements
Brachial artery distension during the cardiac cycle was measured for each child at rest, between 9 AM and 3:30 PM. The subject lay supine on a couch, and room temperature was recorded. After 10 minutes' rest, the right brachial artery was imaged in longitudinal section at 10 to 15 cm above the antecubital fossa with a 7-MHz linear-array transducer and Acuson 128XP 2 . 27, 28 The M-mode cursor was positioned at right angles to the arterial lumen over the clearest defined section of the artery on the B-mode image. A 5-second segment of the radiofrequency signal was recorded by a separate commercially available wall tracking system (Ingenious Medical Systems) at a rate of 800 Hz (1 frame/ms). 27 Arterial distensibility was measured as the mean diameter change (distension) between diastole and systole, standardized for pulse pressure (see below). Coefficients of variation for diameter and distension measurements with this technique are reported as 2% to 3%. 27, 29 Pulse pressure was measured in the left brachial artery with a Dinamap 1846SX oscillometric blood pressure recorder (Critikon Inc) concordant with distensibility measurements in the right arm. Scan quality analysis was performed by independent observers as described previously. 16 
Earlier Measurements of Vascular Function and Cardiovascular Risk Factors at 9 to 11 Years
Among the participants in these studies, 188 had had earlier measurements of their cardiovascular risk profile in 1994 and measurements of arterial distensibility during 1995; of these, 152 provided blood samples on each occasion. These earlier measurements had been performed in an identical way to those described above, with the exception of blood lipid measurements, which had been made with a Technicon Dax analyser. 16 
Insulin Resistance and the Metabolic Syndrome
The degree of insulin resistance was defined by the homeostatic model assessment (HOMA), which uses the product of the fasting insulin concentration (mU/L) and the fasting glucose level (mmol/L) divided by 22.5. 30 Subjects were defined as having components of the metabolic syndrome in accordance with criteria used in a previous study in adolescents. 31 The individual components included the following: waist circumference Ͼ90th percentile, triglyceride level Ͼ90th percentile, and HDL cholesterol Ͻ10th percentile (all standardized for age and sex); systolic or diastolic blood pressure Ͼ90th percentile (standardized for age, sex, and height); and impaired fasting glucose Ͼ6.1 mmol/L.
Statistical Analysis
Analyses were performed with the SAS Statistical Analysis package (version 8.1). Standard t tests were used to compare gender differences in variable means (Table 1) , which were log transformed where necessary. Standard linear regression modeling with ordinary least squares was used to model the change in diameter of the brachial artery between diastole and systole (a measure of distension, normally distributed), which was regressed on mean pulse pressure to provide a measure of distensibility, as in our previous study. 16 The roles of potential determinants of distensibility were explored by adding them to this basic linear regression model, fitting them both as fifths and as continuous variables. The regression coefficients presented (Tables 2, 3 , and 4) are expressed in terms of a 1-SD increase in the independent variable or, in the case of variables that required log transformation, the SD of the natural logarithm of the variable. This approach, which used the SDs for both sexes combined at 13 to 15 years throughout, facilitates comparison of the strengths of associations of different independent variables with distension. The relation between the metabolic syndrome and arterial distensibility was examined differently, with regression of arterial distension on the number of components of the metabolic syndrome present (0, 1, 2, or 3) in a model that also included pulse pressure. Terms for observer (2 levels), room temperature (fifths), town (4 levels), age (5 levels), sex (2 levels), and ethnicity (3 levels: European white, South Asian, and other) were fitted in all models. Pubertal status was fitted as a 10-level score (by adding the 2 Tanner scores used for each sex). The comparisons of the determinants of arterial distensibility at 9 to 11 years and 13 to 15 years (Table 4) were produced with a repeated-measures regression model with PROC MIXED in SAS. The intercepts and slopes were allowed to differ at the 2 ages, which enabled us to test for a difference in the regressions relating distensibility to the explanatory factor at the 2 ages while taking account of the correlation in an individual's results at the 2 ages. This was achieved by fitting a block diagonal covariance structure (with identical blocks as the covariance parameters are assumed to be the same for all individuals).
Results
In all, 471 children (249 boys, 222 girls) took part in the study (69% response); 383 of these children had provided a blood sample in the cardiovascular risk factor survey. The mean age of the study population was Ϸ15.5 years; most participants (70% of both boys and girls) were at Tanner stages 4 or 5. Population characteristics are summarized in Table 1 . Mean arterial distension, pulse pressure, and resting arterial diameter were significantly higher among boys. Baseline risk factor measures in nonresponders (not presented) showed no material differences from those of responders.
The relationships between individual adiposity measures (fifths) and arterial distensibility are shown (with both sexes combined) in Figure 1 , with the corresponding regression coefficients (sex-specific and combined) per SD increase in each variable in Table 2 . There were strong inverse graded associations between all adiposity measures and arterial distensibility, which were statistically significant both in males and in the combined analyses. However, formal tests of sex interaction were not statistically significant (all PϾ0.2).
The relations of insulin resistance and the individual components of the metabolic syndrome (systolic and diastolic blood pressure, HDL cholesterol, triglyceride, and fasting plasma glucose) to arterial distensibility are shown in Figure  2 , with the corresponding regression coefficients in Table 2 . Insulin resistance (HOMA) showed an inverse association with arterial distensibility, which was particularly marked at high insulin concentrations; a similar association was seen for fasting insulin level (Table 2 ). Both associations were statistically significant both in the combined analyses and in males; again, formal tests of sex interaction were not statistically significant (all PϾ0.2).
Diastolic pressure showed a strong inverse association with distensibility, which was statistically significant in both sexes. Systolic pressure and triglyceride levels showed weaker inverse associations, which were not statistically significant. HDL cholesterol and plasma glucose showed no appreciable associations with distensibility. The relationship between the number of metabolic syndrome components and arterial distensibility was also explored. In an analysis among 383 males and females with the relevant measurements, 102 (27%) had 1 component of the metabolic syndrome, 27 (7%) had 2 components, and 8 (2%) had 3 components; no subjects had more than 3 components. There was a strong graded inverse association between the number of metabolic syndrome components and arterial distensibility (Figure 3) , with a highly statistically significant trend (Pϭ0.008). The use of different thresholds for the definition of the metabolic syndrome (for example, the use of highest or lowest 20% of the risk factor distribution) had little effect on this overall pattern of results. Similarly, the combination of 2 and 3 components in the model had no appreciable effect.
The relations of classic and novel vascular risk factors (CRP and homocysteine) to arterial distensibility are shown in Figure 4 , with the corresponding regression coefficients in Table 2 . In the combined analysis, total and LDL cholesterol showed inverse associations with distensibility, which were particularly marked in the top fifth of their distributions. CRP also showed an inverse association with distensibility, which was statistically significant for boys and for both sexes combined. In contrast, cotinine (a sensitive biomarker of both active and passive smoking) and homocysteine showed no consistent relations to distensibility. Further analyses that used a combination of questionnaire information and cotinine levels to group subjects as current active smokers (at least 1 cigarette/d), passive smokers (not current active smokers, cotinine 0.7 to 14.1 ng/mL), or unexposed (not current active smokers, cotinine Ͻ0.7 ng/mL) showed no difference in distensibility between groups (Pϭ0.83).
Because the regression coefficients in Table 2 are all expressed per SD of the explanatory variable (or its logarithm), the sizes of the coefficients provide a guide to the relative strengths of association. The strongest associations were observed for diastolic blood pressure, followed by adiposity measures (particularly body fat percentage), followed by total and LDL cholesterol, insulin resistance, and CRP. The strength of association with the metabolic syndrome (based on numbers of metabolic syndrome components) cannot be directly compared with these estimates.
All adiposity measures were related to blood pressure, total and LDL cholesterol, and insulin resistance (for body mass 
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Arterial Distensibility in Adolescentsindex, rϭ0.38, 0.09, 0.17, and 0.38, respectively). The extent to which the relations between adiposity and arterial distensibility could be accounted for by these factors and by pubertal status was examined (illustrated for body mass index in Table 3 ). The relation between body mass index and distensibility was somewhat strengthened by adjustment for puberty but was partly attenuated by cumulative adjustment for the other factors, particularly insulin resistance and CRP.
Further adjustment for other components of the metabolic syndrome had little further effect on the association (data not presented). We also examined whether the relations between diastolic pressure, cholesterol, insulin resistance, CRP, and arterial distensibility were affected by taking pubertal status and adiposity into account (Table 3) . Although adjustment for pubertal status had little effect on any of these associations, the relations of insulin resistance and CRP to arterial distensibility were markedly reduced and became statistically nonsignificant after adjustment for adiposity markers. In contrast, the relations of diastolic blood pressure and total cholesterol to distensibility were little affected by adjustment for adiposity. Using data from 188 subjects who took part in the consecutive surveys at 9 to 11 and 13 to 15 years of age (152 of whom had blood measurements on both occasions), we used a repeated-measures analysis to examine the consistency of the associations with distensibility at the 2 age points. Arterial distension standardized for pulse pressure was correlated at the 2 points (rϭ0.27), although not as strongly as risk factor measurements including body mass index (rϭ0.79), total cholesterol (rϭ0.67), diastolic pressure (rϭ0.50), and fasting insulin (rϭ0.40). A comparison of the determinants of arterial distensibility at 13 to 15 and 9 to 11 years of age (Table 4) showed that the associations of total and LDL cholesterol and diastolic blood pressure to distensibility were present and of very similar strength on both occasions, with no formal evidence of any difference in the relationships between the 2 age groups. In contrast, the associations between body mass index, insulin resistance (assessed both by fasting insulin and the HOMA model), and distensibility observed at 13 to 15 years did not appear to have been present to the same degree at 9 to 11 years; there were statistically significant differences between the strengths of relations at 9 to 11 years and 13 to 15 years. These findings were not affected by analyzing BMI results as z scores rather than as absolute values. A similar (but statistically nonsignificant) pattern was observed for waist circumference.
Discussion
The present study shows that adiposity and its associated metabolic abnormalities have strong and in many cases graded adverse relations to vascular function in teenagers. The association between adiposity and distensibility appeared stronger than the previously documented relationship be- tween blood cholesterol and distensibility. The combination of classic risk factors, metabolic abnormalities, and CRP appeared to explain at least a part of the relation of adiposity to arterial distensibility. The findings are important for understanding the determinants of early atherosclerosis and could have major public health implications. The observations on the relation between adiposity and arterial distensibility are consistent with the epidemiological evidence relating adiposity to vascular disease. 8, 32 Obesity in young people has been related directly to pathological evidence of early atherosclerosis, 33 whereas obesity in adolescence has been related to impaired endothelial function 34, 35 and increased vascular resistance. 36 However, few reports have related obesity to arterial distensibility. The present observations extend the findings of Tounian et al 14 in markedly obese French teenagers and those of Iannuzzi et al 15 in US children by showing a graded relationship with arterial distensibility from much lower levels than in these earlier studies. The mechanisms by which adiposity is linked to arterial disease remain uncertain. In adults, the relation of adiposity to atherosclerosis is largely mediated by the presence of raised blood pressure, dyslipidemia, insulin resistance, and impaired glucose tolerance. 8, 37 Previous reports in adults have suggested that insulin resistance is related to diminished arterial distensibility, both in subjects with and in those without type 2 diabetes mellitus. 38, 39 Hypertension is also related to reduced distensibility in adults, 40 whereas HDL cholesterol has protective vascular effects, and its acute administration can reverse endothelial dysfunction. 41 We now show that adiposity is related to similar changes in the metabolic profile in adolescents and that both adiposity and metabolic syndrome components are related to vascular function in adolescence, with a cumulative relationship between an increasing number of components of the metabolic syndrome and distensibility. Moreover, these factors together appeared to account for an appreciable part of the relationship between adiposity and distensibility. Adiposity (particularly central adiposity) is also associated with elevated levels of a range of acute-phase reactants and proinflammatory cytokines. 42 In the present study, it appeared that CRP level made a modest contribution to explaining the vascular consequences of adiposity, although its own modest association with vascular function was almost completely abolished after adjustment for adiposity.
The relationships between both total and LDL cholesterol and arterial distensibility are consistent with clinical, epidemiological, and experimental evidence demonstrating the causative role of blood cholesterol in the pathophysiology of atherosclerosis. Elevated LDL levels result in accumulation of lipoproteins in the vessel wall, which, when oxidized, are rapidly taken up by macrophages to form foam cells. 43, 44 This process starts very early in life, possibly even before birth. 28 In animal models, arterial distensibility is reduced in the early stages of cholesterol accumulation in the arterial wall, before other changes develop. 13 The inverse association between cholesterol and distensibility was of a very similar strength to that in our previous study in 9-to 11-year-old children, 16 which suggests that the association is already established by adolescence. In both the present and previous study, 16 the relation between cholesterol and distensibility appeared to be concentrated at the upper fifth of mean cholesterol levels in this study population (total cholesterol Ͼ4.5 mmol/L, LDL cholesterol Ͼ2.5 mmol/L), at levels that are still low compared with the levels associated with high coronary heart disease risk in middle-aged populations. Reliable longitudinal analyses examining the relation of changes in cholesterol level to changes in distensibility (not possible in the present study because of limited statistical power) will help to clarify these observations.
The relations of adiposity and classic risk factors (particularly total and LDL cholesterol) to arterial distensibility The table shows linear regression coefficients and their 95% CIs for the regression of arterial distension on each explanatory factor of interest; units of the regression coefficients are micrometers per SD change in the explanatory variable (SDs shown in Table 2 ). Boys and girls are combined in analysis. Baseline variables (included in all models) include pulse pressure, age, sex, room temperature, ethnicity, town, and observer. Analyses are based on 471 subjects, except for blood-based measurements, which are based on 383 subjects.
*Variable transformed with natural logarithms. Regression coefficients therefore relate to the change in distension (micrometers) per SD change in the logged variable.
All adiposity measuresϭbody mass index, body fat %, sum of 4 skinfolds, and waist circumference.
appeared to differ in important respects. The adiposity association was stronger than that of blood cholesterol and was graded, whereas the cholesterol relationship appeared particularly marked at high total cholesterol levels, with the possibility of a threshold effect around 4.5 mmol/L. Furthermore, the emergence of the relations of adiposity and blood lipids to distensibility appeared to be different. For LDL cholesterol, the strength of the association with arterial distension was similar at 9 to 11 and 13 to 15 years of age, which suggests that the consequences of cholesterol exposure on the arterial wall are cumulative during the childhood years. In contrast, the relation of adiposity to arterial distensibility was substantial at 13 to 15 years but did not appear to have been present at 9 to 11 years of age. Larger population-based prospective studies of arterial function in children will help to define further the relations of weight, body mass index, and lipid trajectories to arterial structure and function at this key period of development. 45 We selected populations of children and teenagers to have risk factor profiles representative of British children living in areas of widely differing adult cardiovascular mortality. Importantly, subjects were not selected on the basis of their levels of obesity or blood lipids. We have developed several tests of arterial function that can be used to examine the early phases of atherosclerosis. Arterial distensibility provides a marker of the structure and function of the arterial wall that diminishes with age and with increasing risk factor burden in older subjects. 46 Reduced distensibility predicts adverse cardiovascular outcomes in adults. 47, 48 The lower arterial distension and distensibility observed in females in the present study is consistent with previous reports and may reflect the different properties of the muscular brachial artery compared with the aorta. 49 The relations between obesity, blood lipids, blood pressure, and distensibility do not appear to be artifacts of associations between risk factors and pulse pressure. With the exception of systolic blood pressure (which showed little relationship to distensibility), the factors studied showed little or no relation to pulse pressure (including diastolic pressure, rϭ0.09). The extent of tracking of arterial distensibility over a 4-year period was modest and generally weaker than that of The table shows linear regression coefficients and their 95% CIs for the regression of arterial distension on each individual variable in each age group, derived from a repeated-measures analysis. Analyses are based on boys and girls together. Pulse pressure, age, sex, room temperature, ethnicity, town, and observer are included in all models; units of the regression coefficients are micrometers per SD change in the explanatory variable (as shown in Table 2 ).
*Variable transformed with natural logarithms. Regression coefficients therefore relate to the change in distension (micrometers) per SD change in log (insulin). †Testing for a difference in regression coefficients between the 2 ages. other risk markers. The limited degree of tracking was not affected by adjustment either for pubertal status or for factors related to circumstances of measurement and may reflect the marked potential for reversibility of reductions in distensibility at this stage of the life course. Our findings in the present study suggest that higher levels of several vascular risk factors are associated with adverse relations to arterial distensibility by the time of adolescence, in either a graded or a threshold manner. In particular, adiposity is becoming a more important determinant of vascular disease than blood lipids, at least in the present study population. The application of this finding to other study populations will depend on the balance of adiposity and blood lipid exposures that occurs in those populations. However, the results are of considerable concern in the context of the marked secular increases in adiposity and obesity in children, particularly in the United States. 5 The graded nature of the relationships observed here between adiposity and arterial distensibility occurred well below the levels of body mass index regarded as overweight in adolescents (only 14% of the subjects studied here were defined as overweight by current US criteria). 50 These observations emphasize the importance of population-wide strategies directed to the reduction of levels of childhood adiposity by a combination of changes in diet and physical activity. The low tracking coefficient observed for arterial distensibility suggests that reductions in distensibility that occur in childhood and adolescence are reversible. This would be consistent with the results of earlier studies that suggested that obesity-related vascular dysfunction can be reversed by weight loss 36 and increased physical activity. 34, 35 Such approaches are likely to be important for the prevention both of cardiovascular disease and type 2 diabetes mellitus in the next generation. In the meantime, arterial distensibility may provide a valuable marker of the early cardiovascular consequences of adiposity and obesity both in future observational studies and in clinical trials examining the effects of adiposity reduction in young people. Relations of arterial distensibility (mean, 95% CI) to total and LDL cholesterol, salivary cotinine, CRP, and homocysteine level (fifths). All analyses show arterial distension (micrometers) standardized for pulse pressure, age, sex, room temperature, ethnicity, town, and observer. All analyses are based on 383 children.
